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Supporting Methods 
 
Synthesis of CeO2 and Pd/CeO2 nanoparticles. Cerium (III) nitrate hexahydrate 
(Ce(NO3)3·6H2O), palladium (II) acetate (Pd(O2CCH3)2) and phenol (C6H5OH), were purchased 
from Sigma-Aldrich. Sodium hydroxide (NaOH) in pellets, monosodium phosphate (NaH2PO4), 
disodium phosphate (Na2HPO4), and ethyl acetate were purchased from Fisher Scientific. 
Acetone was purchased from Barton Solvents. Ethanol was purchased from Decon labs. 
Deionized water (17.4 MΩ) was produced in house with a Thermo Scientific Barnstead E-pure 
system. All chemicals were used without further purification. Ceria cubes were synthesized 
following a literature procedure [1]. In brief Ce(NO3)3·6H2O (6.96 g, 16 mmol) and sodium 
hydroxide (76.8 g, 1.92 mol) were dissolved in 40 and 280 mL of deionized water, respectively. 
Then, the two solutions were mixed in a teflon bottle, stirred at 550 rpm for 30 min to obtain a 
milky slurry. The teflon bottle containing the mixture was then set in a stainless steel autoclave 
vessel and heated at 180 °C for 24 h. After cooling down to room temperature the resulting 
solution was centrifuged to separate a white precipitate. The precipitate was washed several 
times with deionized water, and dried overnight at 60 °C in air. The obtained light yellow powders 
were then calcined at 450 °C for 4h with a ramp rate of 1°C min-1 in air. Pd catalysts were prepared 
by impregnation with a 1 wt % Pd loading relative to the mass of the support. Palladium acetate 
(21.3 mg, 0.09 mmol) was dissolved in 5 mL acetone assisted by sonication. The support (1 g, 
ceria cubes) was placed in a mortar and impregnated with the Pd solution in 0.1 mL increments. 
After each impregnation step, the catalyst was mixed thoroughly with a pestle and dried in oven 
for 5 min (60 °C). The material was calcined at 350 °C for 2 h with a 2.5 °C min−1 ramp rate and 
then reduced under flowing hydrogen (10 cm3 min−1) at 350 °C for 2 h with a ramp rate of 2.5 °C 
min−1. 
 
Transmission Electron Microscopy. Cerium nanoparticle imaging was performed in a FEI 
Tecnai G2 F20 field emission transmission electron microscope (TEM) operating at 200 kV. 
Samples were prepared by placing 3-4 drops of ethanol suspension (~0.1 mg mL-1) onto lacey-
carbon-coated copper grids and dried in air. Size distribution histograms were obtained from TEM 
images by measuring the diameter of ~70 particles using Digital Micrograph® software. Average 
particle sizes were determined from this size distribution histogram. 
 
Inductively coupled plasma−optical emission spectroscopy (ICP-OES). Pd loadings were 
analyzed in a Perkin Elmer Optima 2100 DV ICP-OES instrument. Samples (10 mg) were 
sonicated and vortexed for 24 h in 2 mL aqua regia. The solution was diluted to 12.0 mL using 
deionized water. Since the ceria support did not dissolve completely the solution was filtered. The 
filtrate was used to analyze the amount of palladium metal in the samples. 
 
Powder X-ray Diffraction (PXRD). Diffraction patterns were collected on a Bruker Siemens D500 
X-ray Diffractometer (XRD) equipped with Cu Kα radiation source (40 kV, 44 mA) over the range 
of 10–100 2θ°. Samples were prepared by placing fine powders onto a background-less 
polycarbonate sample holder. Crystallite sizes were calculated using the Scherrer equation: 
 
Chemisorption. H2-chemisorption analysis was carried out by pretreating the samples at 350 °C 
under H2/Ar for 30 min, followed by flowing Ar for 15 min at 350 °C to remove surface-bound and 
dissolved hydrogen from Pd crystallites. The sample was then cooled under Ar to −20 °C for 
hydrogen pulse chemisorption measurements. The palladium dispersion of the catalysts was 
calculated on the basis of the equation  
 𝐷% = $%	'	()*+	,	(- 	100	          (1) 
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where Sf = stoichiometry factor (Pd/H2 molar ratio) = 2, M = atomic mass of Pd (106.42 g mol−1), 
Vad = volume of chemisorbed H2 (mL) under standard temperature and pressure (STP) conditions, 
m = mass of the sample (g), W = weight fraction of Pd in the sample as determined by ICP-OES, 
and Vm = molar volume of H2 (22,414 mL mol−1) under STP conditions. The cubic crystallite size 
of palladium was calculated on the basis of the equation 
 Pd	crystallite	size	(nm)	= 6Mm	W	dPd	Na	SAPd        (2) 
 Pd	surface	area	(m2	g − 1	of	Pd) 	= $%*Na*SAcross∗()*+∗,∗(-       (3) 
 
where M = atomic mass of Pd (106.42 g mol-1), m = mass of the sample (g), W = weight fraction 
of Pd in the sample as determined by ICP-OES; dPd = density of palladium (1.202 × 10−20 g nm−3), 
Na= Avogadro’s number (6.023 × 1023 mol−1); SAcross = palladium cross sectional area (7.87 × 
10−20 m2), SAPd = palladium surface area from the equation above (nm2 g-1 of Pd). The number 6 
is derived from assuming a cubic geometry. 
 
Palladium dispersion and surface area. The palladium dispersion of the catalysts was 
calculated from chemisorption data on the basis of the equation:  
 𝐷% = $%	'	()*+	,	(- 	100	          (4) 
 
where Sf = stoichiometry factor (Pd/H2 molar ratio) = 2, M = atomic mass of Pd (106.42 g mol−1), 
Vad = volume of chemisorbed H2 (mL) under standard temperature and pressure (STP) conditions, 
m = mass of the sample (g), W = weight fraction of Pd in the sample as determined by ICP-OES, 
and Vm = molar volume of H2 (22,414 mL mol−1) under STP conditions. The cubic crystallite size 
of palladium was calculated on the basis of the equation 
 Pd	crystallite	size	(nm)	= 6Mm	W	dPd	Na	SAPd        (5) 
 Pd	surface	area	(𝑚O𝑔QR	of	Pd) 	= $%*Na*SAcross∗()*+∗,∗(-        (6) 
 
where M = atomic mass of Pd (106.42 g mol-1), m = mass of the sample (g), W = weight fraction 
of Pd in the sample as determined by ICP-OES; dPd = density of palladium (1.202 × 10−20 g nm−3), 
Na= Avogadro’s number (6.023 × 1023 mol−1); SAcross = palladium cross sectional area (7.87 × 
10−20 m2), SAPd = palladium surface area from the equation above (nm2 g-1 of Pd). The number 6 
is derived from assuming a cubic geometry. 
 
Kinetics of phenol hydrogenation. Pd/CeO2 nanocubes were prepared as described above. 10 
mM PhOH solutions were prepared in water and 20 mM phosphate buffer, respectively. The pH 
of the above solutions was adjusted to 7.0 ± 0.1 using dilute HCl or NaOH. In a typical reaction, 
the catalyst (20 mg, 5 mol %) and PhOH solution (4 mL, 0.010 M) were added to a 10 mL glass 
tube. The tube was sealed with a septum and purged with hydrogen for 10 min at rate of 20 cm3 
min-1. After 10 min, the pressure relief needle was removed and the hydrogen supply was 
stopped. The reaction tube was then placed in an oil bath that was maintained at 35 °C under 
constant stirring (800 rpm). After the desired time, the septum was removed and the solution was 
extracted using ethyl acetate (1.0 mL 4 times). A 50 μL aliquot of the extracted solution was taken 
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and added to 1.00 mL of ethanol along with a resorcinol internal standard (100 µL, 55 mM) and 
analyzed in an Agilent GC-MS instrument (7890A, 5975C) with a HP-5MS column. The run started 
at 60 °C, and the temperature was then ramped to 150 °C at 5 °C min−1. Then the temperature 
was ramped to 300 °C at 20 °C min−1 and then it was held at 300 °C for 3 min. The reaction kinetic 
data were analyzed using a model for two consecutive, non-reversible, pseudo first-order 
reactions(Figure 5 in main text) in which the time dependency of the PhOH, cyclohexanone, and 
cyclohexanol concentrations is given by: 
 [𝑃ℎ𝑂𝐻] = [𝑃ℎ𝑂𝐻]Y𝑒Q[\]         (7) [𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑛𝑒] = [𝑃ℎ𝑂𝐻]Y [\[eQ[\ f𝑒Q[\] − 𝑒Q[e]g      (8) [𝑐𝑦𝑐𝑙𝑜ℎ𝑒𝑥𝑎𝑛𝑜𝑙] = [𝑃ℎ𝑂𝐻]Y h1 + [\jklemQ[ejkl\m[eQ[\ n      (9) 
 
where [𝑃ℎ𝑂𝐻]Y is the concentration of PhOH at time 0 s, and k1 and k2 are the pseudo first order 
reaction rate for the two hydrogenation reactions (Figure 5 in main text). The experimental error 
was estimated by running three replicas of the hydrogenation reaction. Error on the fitted rates 
was computed by Monte Carlo simulation of synthetic datasets from the estimated experimental 
error. Fitted k1 and k2 are in units of M s-1, as they depend on the concentration of catalytic sites 
in the reaction mixture. 
 
NMR Spectroscopy. NMR samples were prepared by mixing together PhOH (10 mM), ceria 
nanoparticles (1 wt%), agarose (1 wt%), and sodium phosphate (0 or 20mM). The pD of the 
sample was adjusted to 7.0 ± 0.1 using DCl or NaOD. The mixture was sonicated for 60 seconds 
(1:2 on:off duty cycle) at 25 % power on a 500 W horn-tipped sonicator to disperse the 
nanoparticles. The mixture was then heated to 85 °C for three minutes, transferred to a 5 mm 
NMR tube, and allowed to cool at room temperature. Reference samples that did not contain 
nanoparticles were prepared using the same procedure as above. 13C DEST, 13C RD, 13C R1, and 
1H RD NMR data were collected at 25 °C on Bruker 600 and 800 MHz spectrometers equipped 
with triple resonance z-gradient cyroprobes and using the pulse sequences shown in Supporting 
Figure S2. All experiments used 32 dummy scans and 64 scans with a recycle delay of 5 seconds 
between each scan. 13C DEST experiments were performed using two saturation field strengths 
(500 and 1,000 Hz), applied for 1 second, and using the pulse program described in Figure S2. A 
total of 32 different offsets between ±25kHz were recorded, including saturation power controls 
where the field was set to 0 Hz. 13C CPMG experiments were performed using field strengths 
between 100 and 1,000 Hz by varying the delay time between 180° pulses in the π-pulse train. 
Relaxation delays were in the range of 100 to 500 ms. 13C R1 values were measured according 
to the pulse sequence in Figure S2. 1H CPMG were recorded using the PROJECT sequence [2]. 
NMR spectra were processed and analyzed using Mnova NMR software 
(http://mestrelab.com/software/mnova/nmr/). Experimental error was evaluated to be ≤ 5 % of the 
measured value for DEST and ≤ 10 % of the measured value for RD and R1 experiments by 
running repeats of the above experiments. 
 
Data Analysis and Fitting. The 13C RD, 13C R1, 13C DEST, and 1H RD data measured at two 
spectrometer fields (for the RD and R1 experiments) and two saturation field strengths (for the 
DEST experiment) were fit globally using either a two- or three-site exchange model with 
characteristic motional dynamics at each site. Experimental data were compared with model 
based simulated data using the following objective function. 
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𝜒O = (𝜒pQqrO + 𝜒pQqRO + 𝜒pQrs$tO + 𝜒uQqrO ) 𝑛vwx        (10) 
where 𝜒pQqrO , 𝜒pQqRO , 𝜒pQrs$tO , and, 𝜒uQqrO  are the objective functions for the 13C RD, 13C R1, 13C 
DEST, and 1H RD experiments, respectively, and ndf is the number of degrees of freedom. The 𝜒O functions for each experiment are defined as following: 𝜒pQqrO = ∑ ∑ ∑ f𝑅O{|},,,[ − 𝑅O,,[,gO 𝜎pQqr,,[x[        (11) 𝜒pQqRO = ∑ ∑ f𝑅R{|},, − 𝑅R,,[gO 𝜎pQqR,x        (12) 𝜒pQrs$tO = ∑ ∑ ∑ f𝐼{|},,,+ − 𝐼,,,+gO 𝜎pQrs$t,,+x+       (13) 𝜒uQqrO = ∑ ∑ ∑ f𝑅O{|},,,[ − 𝑅O,,[,gO 𝜎uQqr,,[x[       (14) 
where the summation indices i, j, k, l, and m refer to the peak index, spectrometer frequency, 
CPMG field, saturation field, and frequency offset, respectively, the calc and obs superscripts 
denote calculated and experimental data, respectively, I indicates the normalized peak intensity, 
and 𝜎 is the experimental error associated with each data point. 
 
Simulation of 1H and 13C RD experiments. 1H- and 13C-R2 rates for any specific value of i, j, and 
k were calculated as: 𝑅O,,[, = ('(]\) '(]e)⁄ )]eQ]\          (15) 
where t2 is the constant relaxation delay during the RD experiment and t1 is 0 seconds. M(t) is the 
transverse magnetization, which is given by: 𝑀(𝑡) = (𝐴𝐴∗𝐴∗𝐴)𝑀(0)         (16) 
𝑀(0) = 𝑀r𝑀,𝑀t            (17) 
M(0) is the initial magnetization for each site in the exchange model. Here we use the example of 
a three-site exchange, and MD, MW, and MT are the transverse magnetizations of sites D, W, and 
T (see main text, Figure 3), respectively. The parameter n is the number of CPMG cycles used, 
A* is the complex-conjugate of A, and A is given by: 𝐴 = 𝑒Qq/O           (18) 𝜏p is the time delay between two π pulses during the CPMG pulse train. R is given by the 
summation 𝑅 = 𝑖𝑅p$ + 𝑅j + 𝑅j          (19) 
𝑅p$ = 0 0 00 −𝛥𝜔r, 00 0 −𝛥𝜔rt         (20) 
𝑅j = 𝑅Or 0 00 𝑅O, 00 0 𝑅Ot          (21) 
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𝑅j = 𝑘r, + 𝑘rt −𝑘,r −𝑘tr−𝑘r, 𝑘,r + 𝑘,t −𝑘t,−𝑘rt −𝑘,t 𝑘t, + 𝑘tr       (22) 
 
for a three-site connected exchange model (matrices for the two-site exchange model are shown 
elsewhere [3]). 𝛥𝜔  is the difference in frequency between sites p and q (in rad s-1), 𝑅O is the 
intrinsic transverse relaxation rate of site p, and 𝑘  is the exchange rate between sites p and q. 
The formulation of Rex changes depending on the connectivity of the exchange model. For a linear 
three site exchange, all instances of 𝑘rt and 𝑘tr will be set to zero. The intrinsic relaxation rate 
of the free ligand (𝑅Or) was measured experimentally, the rate for other states (𝑅O, and 𝑅Ot) were 
fit phenomenologically (in case of 1H R2 rates) or calculated based on motional models (in case 
of 13C R2 rates) (see 13C R1/R2 Relaxation Modeling).  
 
Simulation of 13C R1 experiments. 13C R1 values from inversion recovery experiments are 
calculated in a very similar manner to the above procedure for R2: 𝑅R,, = ('(]\) '(]e)⁄ )]eQ]\           (23) 
 
Here t2 is the relaxation delay and t1 is 0 seconds. M(t) is the longitudinal magnetization which is 
given by: 
 𝑀(𝑡) = (𝐴𝐴∗𝐴∗𝐴)𝑀(0)          (24) 
 𝑀(0) = 𝑀r𝑀,𝑀t            (25) 
 
M(0) is the initial magnetization for each site in the exchange model (here we use the example of 
a three-site exchange). A* is the complex-conjugate of A, and A is given by: 
 𝐴 = 𝑒Qq]           (26) 
 𝑡 is the time delay during the relaxation evolution. R is given by the summation: 
 𝑅 = 𝑅j + 𝑅j           (27) 
 𝑅j = 𝑅Rr 0 00 𝑅R, 00 0 𝑅Rt          (28) 
 
𝑅j = 𝑘r, + 𝑘rt −𝑘,r −𝑘tr−𝑘r, 𝑘,r + 𝑘,t −𝑘t,−𝑘rt −𝑘,t 𝑘t, + 𝑘tr       (29) 
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for a three-site connected exchange model. The definitions of the variables are the same as for 
the R2 simulation with the addition of 𝑅R, being the intrinsic longitudinal relaxation rate of site p. 
The relaxation rate of the free ligand (𝑅Rr) is measured experimentally but the bound state 13C 
relaxation rates (𝑅R, and 𝑅Rt) are calculated from motional models (see 13C R1/R2 Relaxation 
Modeling).  
 
Simulation of 13C DEST experiments. Signal intensities for the simulated DEST experiment are 
calculated with the following differential equation.   
 
vv]
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎡
𝐸/2𝐼¥𝐼¦¥𝐼§¥𝐼¨𝐼¦¨𝐼§¨𝐼p𝐼¦p𝐼§p ⎦⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎤
= −
⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎢⎢
⎡ 0 0 0 0 0 0 0 0 0 00 𝑅Or∗ Ωr −𝜔¦ −𝑘,r 0 0 −𝑘tr 0 00 −Ωr 𝑅Or∗ 𝜔 0 −𝑘,r 0 0 −𝑘tr 0−2Θr 𝜔¦ −𝜔 𝑅Rr∗ 0 0 −𝑘,r 0 0 −𝑘tr0 −𝑘r, 0 0 𝑅O,∗ Ω, −𝜔¦ −𝑘t, 0 00 0 −𝑘r, 0 −Ω, 𝑅O,∗ 𝜔 0 −𝑘t, 0−2Θ, 0 0 −𝑘r, 𝜔¦ −𝜔 𝑅R,∗ 0 0 −𝑘t,0 −𝑘rt 0 0 −𝑘,t 0 0 𝑅Ot∗ Ωp −𝜔¦0 0 −𝑘rt 0 0 −𝑘,t 0 −Ωp 𝑅Ot∗ 𝜔−2Θt 0 0 −𝑘rt 0 0 −𝑘,t 𝜔¦ −𝜔 𝑅Rt∗ ⎦⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎤
(30) 
 
This formulation is for a connected three-site exchange model. Here, Θ = RR𝐼§ (where 𝐼§ is the 
equilibrium longitudinal magnetization of state p), 𝑅O∗ = 𝑅O + 𝑘  + 𝑘, 𝑅R∗ = 𝑅R + 𝑘  + 𝑘 , I 
represents the magnetization of a 13C nucleus in the rotating frame, Ω is the difference between 
the resonance frequency of state p and the applied saturation field, 𝜔¦,is the continuous wave 
saturation field strength on the applied axis, and E is unity. The value of Icacl is determined by the 
ratio of the solution to the above equation with and without saturation applied, respectively. 
 
13C R1/R2 Relaxation Modeling. Relaxation rates (R1 and R2) for 13C spins that are bound to a 
nanoparticle surface are calculated based on rotational motion. This includes contributions from 
the tumbling of the nanoparticle as well as local motion of phenol. The general equation to 
calculate R1 and R2 considering dipolar and CSA relaxation mechanisms are: 𝑅R = ve¯ (𝐽(𝜔u − 𝜔p) + 3𝐽(𝜔p) + 6𝐽(𝜔p + 𝜔u)) + 𝑐O𝐽(𝜔p)     (31) 𝑅O = ve² (4𝐽(0) + 𝐽(𝜔u − 𝜔p) + 3𝐽(𝜔p) + 6𝐽(𝜔u) + 6𝐽(𝜔p + 𝜔u)) + e´ (4𝐽(0) + 3𝐽(𝜔p))  (32) 
Where: 𝑑 = ¶·¯¸ ℏ𝛾p𝛾u𝑟Q¼          (33) 𝑐 = ½¨·¾¿√¼            (34) 𝐽(𝜔) = OÁ 𝑆O Ã ÄRÅÄe ÆeÇ + OÁ (1 − 𝑆O) Ã ÈRÅÈeÆeÇ       (35) RÈ = RÄ + R𝜏𝑙𝑜𝑐           (36) 
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𝜇Y is the magnetic permittivity, ℏ is the reduced Planck’s constant, 𝛾Ê is the gyromagnetic ratio of 
the specified nuclei, 𝑟 is the internuclear bond distance (taken to be 1.09 Å here), 𝐽(𝜔) is the 
spectral density function, 𝜏Ë and 𝜏{ are the rotational correlation time for the nanoparticle and 
the local motion of the ligand, respectively. Δ𝜎 is the chemical shift anisotropy (for aromatic C-H 
is approximately 200 ppm) [4]. 𝑆O is the generalized order parameter for use in model free analysis 
of motion. 𝑆O is a fittable parameter whose value is the same regardless of the C-H bond vector 
due to the rigid structure of phenol. 
The Restricted Rotation (RR) model of motion allows for the calculation of 𝑆O instead of 
fitting it. Here we use a model that allows for a single rotational axis as described by [5]: 𝐽(𝜔) = [𝑌OY(𝜃)]O Ã ÄRÅÄe ÆeÇ + 2[𝑌OR(𝜃)]O Ã ÈRÅÈeÆeÇ       (37) 
Here, 𝜃 is the angle between the axis of rotation and the principle axis system of the relaxation 
vector. For a proton attached 13C in natural abundance PhOH, transverse relaxation is induced 
by 13C CSA and dipolar coupling to the covalently attached hydrogen atom. As for a 13C atom in 
a six-membered aromatic ring the least-shielded component of the CSA tensor (σ11) is aligned 
with the 13C-1H bond [4] and the dipolar coupling is also directed along the 13C-1H bond, 𝜃 is 
calculated as the angle between the axis of rotation and the C-H bond vector [6] (see Figure 4 in 
main text). 
 
Global fitting parameters. The optimization was run using 𝑝r , 𝑝,, 𝑘,r , 𝑘t,, 𝑘rt, 𝜏{ of the 
weakly and tightly bound states (𝜏,{ and 𝜏t{, respectively), and the order parameters of the 
weakly and tightly bound states (𝑆,O  and 𝑆tO, respectively) as global parameters. Remaining values 
of populations and rate constants were calculated using the following equations: 
 𝑝t = 1 − 𝑝r − 𝑝,           (38) 𝑘r, = 𝑘,r × 𝑝, 𝑝rx           (39) 𝑘,t = 𝑘t, × 𝑝t 𝑝,x            (40) 𝑘tr = 𝑘rt × 𝑝r 𝑝tx           (41) 
 𝜏Ë was calculated to be 1.4 µs by using the average nanoparticle size (25 nm, Figure 1 in main 
text) and the Stoke-Einstein equation. This value was held constant during the data fitting 
procedure.  
Error on the fitted parameters was computed by Monte Carlo simulation of synthetic 
datasets from the estimated experimental error (see NMR spectroscopy section) 
 
Scripts and Pulse Programs. All Matlab scripts and pulse programs used here can be found at 
https://group.chem.iastate.edu/Venditti/downloads.html for download. 
  
9 
 
Supporting Figures 
 
 
 
Figure S1. Guide to interpretation of the DEST and RD experiments (see reference[7] for an 
exhaustive theoretical treatment). In the DEST experiment, the broad resonances of the small 
molecule bound to the slow-tumbling nanoparticle (see panel A) are selectively saturated by an 
off-resonance radiofrequency (RF) and saturation is transferred to the NMR-visible unbound 
ligand via chemical exchange. Simulated DEST profiles (saturation field strength = 150 Hz) for a 
dark state with transverse relaxation 𝑅Or and population of 5 % in exchange (kex = 600 s-1) with a 
NMR visible state (R2 = 10 s-1) are shown in panel B. The presence of a high-molecular weight, 
NMR-invisible species in exchange with the visible NMR signal is detected as broadening in the 
DEST profile. The magnitude of the broadening effect is a convoluted function of the exchange 
rate (kex), the fractional population of free and bound states, and the R2 of the bound state (see 
Supporting methods). If a small molecule is in exchange on the µs-ms timescale between the free 
state (characterized by small R2) and the nanoparticle-bound state (characterized by large R2), 
and the free and bound state have different NMR chemical shifts, the shape of a typical RD profile 
measured for the small molecule NMR signals will be affected by the exchange as shown in panel 
C. At high CPMG field, the observed R2 rate (R2,obs) will be enhanced by lifetime line broadening 
(R2,obs = R2,free + ΔR2, in which R2,free is the R2 value in the absence of nanoparticle and ΔR2 is 
lifetime line broadening). At a low CPMG field, R2,obs will be enhanced by both lifetime line 
broadening and chemical-exchange contribution to R2 (R2,obs = R2,free + ΔR2 + Rex, in which Rex is 
the exchange contribution to R2). Increasing the CPMG field results in the progressive 
suppression of Rex and a decrease in R2 (which value levels off when Rex is fully suppressed by 
the refocusing field), which introduces a curvature (dispersion) in the RD profile. As for the DEST 
effect, the magnitude of ΔR2 is a convoluted function of kex, the fractional population of free and 
bound states, and the R2 of the bound state. Both RD and DEST profiles can be fit using the 
Bloch-McConnell theory to report on the kinetics (kon and koff) and thermodynamics (populations 
of the free and bound states) of the small molecule-NP interactions (see Supporting methods). 
Note that DEST experiments are more sensitive to slow exchange process (ms-s timescale), while 
the curvature of an RD profile is mostly influenced by intermediate exchange (μs-ms timescale). 
ΔR2 values report on a much wider range of exchange processes extending from the slow to the 
fast exchange regime. 
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Figure S2. Double refocused-INEPT based sequences used here for acquisition of all 13C NMR 
data. 13C DEST, CPMG, and R1 were measured by inserting the blocks shown in B, C, and D, 
respectively, into the dashed box shown in A. Narrow and wide rectangular pulses are applied 
with flip angles of 90° and 180°, respectively, along the x-axis unless indicated otherwise. The 
delay τ is set to 1.56 ms. Δ is set to 50 ms and 25 ms for the DEST and R1 experiments, 
respectively. Δ is a variable parameter in the CPMG experiment that determines the CPMG field 
(υcpmg = 1/4/Δ Hz). CW is a continuous wave used for saturation of the dark-state in DEST and for 
proton decoupling in the CPMG experiment. The phase cycling employed is: ϕ1 = (x, −x); ϕ2 = 2(x), 
2(−x); ϕ5 = 8(x), 8(-x); ϕ6 = 4(y), 4(−y); ϕ8 = (y, −y); ϕ10 = 16(x), 16(−x); ϕrec = 2(x), 4(y), 2(x), 2(y), 
4(x), 2(y). The duration and strength of the gradients are as follows: G1, 1 ms, 30 G/cm; G2, 0.05 
ms, 35 G/cm; G3, 0.1 ms, 40 G/cm. 
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Figure S3. (A) N2 sorption isotherms of CeO2 (black) and Pd/CeO2 (red). (B) Wide-angle PXRD 
patterns of CeO2 support (black) and Pd/CeO2 catalyst (red).  
 
The PXRD pattern of CeO2 was indexed to the fluorite cubic structure of ceria (space 
group Fm3m (No. 225), JCPDS 34-0394). Pd species could not be detected by PXRD analysis, 
suggesting that the dispersity of Pd nanoparticles over the support is high [8] and/or the crystallite 
size of Pd is small (≤ 2nm) [9]. These conclusions are in good agreement with the TEM data shown 
in Figure 1 (main text). Given the small size of the Pd NPs and an approximate molecular size for 
PhOH of ~ 0.8 nm, we expect a Pd NP to host 1 to 2 PhOH molecules. 
Nitrogen sorption analysis gave surface area of 16.5 ± 1.0 m2/g for CeO2 (see Supporting 
Methods for details on data analysis). The additional thermal aging in reducing environment for 
incorporation of Pd (see Supporting Methods) led to a lowering of the overall surface area (9.4 ± 
2.3 m2/g) of Pd/CeO2 relative to CeO2. Based on the metallic surface area of 2.9 m2/g obtained 
by H2-chemisorption measurements (see Supporting Methods), the actual ceria surface area on 
the Pd/CeO2 catalyst can be calculated to be 6.5 m2/g (i.e. 9.4 – 2.9 m2/g). In addition, H2-
chemisorption experiments return a Pd dispersion on the catalyst of 65 %, which is consistent 
with the TEM and PXRD data indicating that the metal is highly dispersed on the support. 
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Figure S4. Example of 13C DEST profiles (saturation field = 1 kHz) measured for PhOH in the 
absence (cross) and in the presence (circle) of 1 wt% (A) CeO2 and (D) Pd/CeO2. Example of 13C 
RD profiles measured for PhOH in the absence (cross) and in the presence (circle) of 1 wt% (B) 
13 
 
CeO2 and (E) Pd/CeO2. Example of 1H RD profiles measured for PhOH in the absence (cross) 
and in the presence (circle) of 1 wt% (C) CeO2 and (F) Pd/CeO2. All data were acquired on an 
800 MHz spectrometer. Data for the para, meta, and ortho positions are colored blue, green, and 
red, respectively.  
 
These data indicate that addition of CeO2 and Pd/CeO2 introduce different perturbations 
in the experimental NMR data. In particular, fast, local rotation of PhOH about the C-O bond 
results in an increased 13C R2 for the para carbon in the tightly adsorbed state. The higher 
transverse relaxation of the para position results in a more pronounced broadening of its DEST 
profile and an increased 13C ΔR2 if compared to the meta and ortho positions. Addition of Pd/CeO2 
produces similar effects in the DEST and RD profiles of the para, meta, and ortho position, 
indicating that PhOH undergoes isotropic tumbling when bound to Pd/CeO2. The fitted order 
parameter, SÒO, of ~0.9 suggests that PhOH is rigidly attached to the Pd/CeO2 nanoparticle in the 
tightly associated state. 
It is also interesting to note that the DEST profile measured for the ortho position in the 
presence of CeO2 is slightly broader than the one measured for the meta position. This 
experimental trend is not captured by the Restricted Rotation model, which implies identical 13C 
R2 values for the meta and ortho positions in the tightly associated state (Figure 2A in main text). 
As the ortho position is in close contact with the slightly paramagnetic surface of CeO2 (Figure 4C 
in main text), additional relaxation mechanisms (other than the evolution of the C-H bond vector 
under local rotation of the C-O bond) may increase the 13C R2 of the ortho carbon in the tightly 
associated state. The increased transverse relaxation of the ortho position would result in a 
broader DEST profile and a larger ΔR2 than predicted by the Restricted Rotation model, therefore 
explaining the slight difference between modelled and experimental data in Figure 2. 
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Figure S5. 13C DEST (top panel), 13C RD (middle panel), and 1H RD (bottom panel) profiles 
measured for the meta (left), para (center), and ortho (right) position of PhOH in the presence of 
1 wt% CeO2. Experimental data are shown as blue and red circles for the DEST experiments 
measured at saturation fields of 500 and 1,000 Hz, respectively. For the RD profiles, experimental 
R2 rates acquired at 800 and 600 MHz are shown as green and blue circles, respectively. Solid 
curves show best fit to a three-site exchange model in which the tightly adsorbed state is treated 
using Model Free theory and the meta, para, and ortho positions are allowed to adopt different 
order parameters. Best fit order parameters are shown. 
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Figure S6. 13C DEST (top panel), 13C RD (middle panel), and 1H RD (bottom panel) profiles 
measured for the meta (left), para (center), and ortho (right) position of PhOH in the presence of 
1 wt% CeO2. Experimental data are shown as blue and red circles for the DEST experiments 
measured at saturation fields of 500 and 1,000 Hz, respectively. For the RD profiles, experimental 
R2 rates acquired at 800 and 600 MHz are shown as green and blue circles, respectively. Solid 
curves show best fit to a three-site exchange model in which the tightly adsorbed state is treated 
using Restricted Rotation theory [5]. 
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Figure S7. 13C DEST (top panel), 13C RD (middle panel), and 1H RD (bottom panel) profiles 
measured for the meta (left), para (center), and ortho (right) position of PhOH in the presence of 
1 wt% Pd/CeO2. Experimental data are shown as blue and red circles for the DEST experiments 
measured at saturation fields of 500 and 1,000 Hz, respectively. For the RD profiles, experimental 
R2 rates are shown as green circles. Solid curves show best fit to a three-site exchange model in 
which the tightly adsorbed state is treated using Model Free theory and a global order parameter. 
Note that samples containing Pd/CeO2 are less stable than samples containing CeO2 and 
undergo a ~5% increase in 1H-R2 rate during the six weeks following their preparation. As this 
change in transverses relaxation occurs without observable changes in 1H chemical shift for the 
ortho, meta, and para positions of PhOH, we ascribe the increase in R2 to slow dissolution of O2 
and/or to slow degradation of the agarose gel matrix following preparation of the NMR sample. 
To reduce the overall acquisition time and avoid to introduce systematic errors in the analysis, 
NMR data were acquired at 800 MHz only. The Δω parameters describing the change in 1H and 
13C chemical shift between desorbed and weakly adsorbed states were set to the values reported 
in Table S1 (i.e. we assume that dispersion of Pd on ceria does not affect the chemical shift of 
the weakly adsorbed state). This assumption reduces the number of fittable parameters and 
facilitates convergence of the fitting procedure. 
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Figure S8. 13C DEST (top panel), 13C RD (middle panel), and 1H RD (bottom panel) profiles 
measured for the meta (left), para (center), and ortho (right) position of PhOH in the presence of 
1 wt% CeO2 and 20 mM phosphate. Experimental data are shown as blue and red circles for the 
DEST experiments measured at saturation fields of 500 and 1,000 Hz, respectively. For the RD 
profiles, experimental R2 rates acquired at 800 and 600 MHz are shown as green and blue circles, 
respectively. Solid curves show best fit to a three-site exchange model in which the tightly 
adsorbed state is treated using Restricted Rotation theory. Note that the population of tightly 
adsorbed state (pT) is < 0.01 %, and the fitted parameters for this state are ill defined. 
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Figure S9. 13C DEST (top panel), 13C RD (middle panel), and 1H RD (bottom panel) profiles 
measured for the meta (left), para (center), and ortho (right) position of PhOH in the presence of 
1 wt% Pd/CeO2 and 20 mM phosphate. Experimental data are shown as blue and red circles for 
the DEST experiments measured at saturation fields of 500 and 1,000 Hz, respectively. For the 
RD profiles, experimental R2 rates are shown as green circles. Solid curves show best fit to a 
three-site exchange model in which the tightly adsorbed state is treated using Model Free theory 
and a global order parameter. Note that samples containing Pd/CeO2 are less stable than samples 
containing CeO2 and undergo a ~5% increase in 1H-R2 rate during the six weeks following their 
preparation. As this change in transverses relaxation occurs without observable changes in 1H 
chemical shift for the ortho, meta, and para positions of PhOH, we ascribe the increase in R2 to 
slow dissolution of O2 and/or to slow degradation of the agarose gel matrix following preparation 
of the NMR sample. To reduce the overall acquisition time and avoid to introduce systematic 
errors in the analysis, NMR data were acquired at 800 MHz only. The Δω parameters describing 
the change in 1H and 13C chemical shift between desorbed and weakly adsorbed states were set 
to the values reported in Table S1 (i.e. we assume that dispersion of Pd on ceria does not affect 
the chemical shift of the weakly adsorbed state). This assumption reduces the number of fittable 
parameters and facilitates convergence of the fitting procedure. 
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Figure S10. 13C DEST profiles (saturation field = 1 kHz) measured for PhOH in the presence of 
(A) CeO2 and (D) Pd/CeO2. 13C RD profiles measured for PhOH in the presence of (B) CeO2 and 
(E) Pd/CeO2. 1H RD profiles measured for PhOH in the presence of (C) CeO2 and (F) Pd/CeO2. 
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Data were acquired at 800 MHz. Experimental data for the para, meta, and ortho positions are 
blue, green, and red circles, respectively. The dotted line shows best fit to a two-site exchange 
model. The solid line shows best fit to a three-site exchange model. Note that, in the three-site 
exchange fit, local dynamics of the tightly adsorbed state are described using Model Free theory 
(with a global order parameter, SÒO) for the PhOH-Pd/CeO2 adduct, or using a Restricted Rotation 
model (in which PhOH is allowed fast rotation about the C-O bond - Figure 4 and Supporting 
methods) for the PhOH-CeO2 adduct. Reduced χ2 values obtained by fitting the data using the 
exchange models mentioned above are shown (see Supporting methods for details on the 
calculation of χ2). The full set of 13C DEST, 13C RD, and 1H RD data is shown in Supporting Figures 
S6-S9. This is an expanded version of Figure 2 in main text. 
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Figure S11. Example of 13C DEST profiles (saturation field = 1 kHz) measured for PhOH in the 
presence of 1 wt% (A) CeO2 and (D) Pd/CeO2. Example of 13C RD profiles measured for PhOH 
in the presence of 1 wt% (B) CeO2 and (E) Pd/CeO2. Example of 1H RD profiles measured for 
22 
 
PhOH in the presence of 1 wt% (C) CeO2 and (F) Pd/CeO2. All data were acquired on an 800 
MHz spectrometer. Crosses and circles indicate data measured in the presence of 0 mM and 20 
mM sodium phosphate, respectively. Data for the para, meta, and ortho positions are colored 
blue, green, and red, respectively.  
 
These plots show that addition of phosphate affects the overall shape of the RD profiles (which 
report on µs-ms exchange processes), indicating that weak adsorption of PhOH to CeO2 and 
Pd/CeO2 is perturbed by the inorganic anion. Also, addition of phosphate results in an overall 
reduction of the 13C R2 rate and in a narrowing of the 13C DEST profile measured for the para 
position in the presence of CeO2, which reflects the destabilization of the tightly bound state 
observed upon addition of phosphate (Figure 3 in main text). Finally, it is interesting to note that 
the DEST profiles acquired in the presence of Pd/CeO2 are unaffected by phosphate, suggesting 
that tight association between PhOH and Pd/CeO2 is unperturbed by the inorganic ion. 
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Supporting Tables 
 
Table S1. Kinetic, population, chemical shift, rotational correlation time, and order parameters for 
PhOH binding to CeO2 nanoparticles derived from global fitting of 13C DEST, 13C RD, 13C R1, and 
1H RD data using a three-site exchange model. Definitions for the global parameters are given in 
Figure 3. 13C and 1H 𝛥𝜔r, are the absolute values of the 13C and 1H chemical shift difference in 
ppm between desorbed and weakly adsorbed state, respectively. Note that 13C and 1H chemical 
shift difference between weakly and tightly adsorbed states were fixed to 0 in the fit because the 
RD experiments are insensitive to the chemical shift of the tightly adsorbed state (which is in slow 
exchange with the weakly adsorbed state), and the DEST is a low-resolution experiment that does 
not provide chemical shift information [7]. 
 0 mM phosphate 0 mM phosphate 20 mM phosphate 
Global Parameters (3-site connected) (3-site linear) (3-site linear) pD	(%)	 95.0 ± 0.5 94.7 ± 0.5 97.5 ± 1.0 pW	(%)	 4.9 ± 0.5 5.2 ± 0.5 2.5 ± 1.0 pT	(%)	 0.06 ± 0.01a 0.06 ± 0.01a < 0.01 𝜏p{, (ps)	 < 100 < 100 < 100 𝜏p{,t	(ps)	 < 100 < 100 < 100 𝑆,O 		 < 0.01 < 0.01 < 0.01 𝑆tO  b		 - - - 𝑘,r	(s-1)	 3,753 ± 166 3,613 ± 115 1,706 ± 30 𝑘r,	(s-1)	 194 ± 10 198 ± 14 59 ± 16 𝑘t,	(s-1)	 1,830 ± 583 2,358 ± 365 - 𝑘,t	(s-1)	 20 ± 6 21 ± 5 - 𝑘rt	(s-1)	 0 ± 1 - - 𝑘tr	(s-1)	 0 ± 1 - - 
Peak-specific parameter   
13C 𝛥𝜔r,	(ppm)	o/m/pc	 0.19 / 0.13 / 0.18 0.19 / 0.13 / 0.17 0.15 / 0.11 / 0.10 
1H 𝛥𝜔r,	(ppm)	o/m/pc	 0.09 / 0.09 / 0.10 0.09 / 0.09 / 0.09 0.11 / 0.11 / 0.11 
anote that pT = 0.06 % corresponds to 6 µM PhOH 
bdata were fit using a Restricted Rotation model for the tightly adsorbed state 
cError on chemical shift parameters is < 0.01 ppm in all cases 
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Table S2. Kinetic, population, chemical shift, rotational correlation time, and order parameters for 
PhOH binding to Pd/CeO2 nanoparticles derived from global fitting of 13C DEST, 13C RD, 13C R1, 
and 1H RD data using a three-site exchange model. Definitions for the global parameters are 
given in Figure 3. 13C and 1H 𝛥𝜔r, are the absolute values of the 13C and 1H chemical shift 
difference in ppm between desorbed and weakly adsorbed state, respectively. Note that 13C and 
1H chemical shift difference between weakly and tightly adsorbed states were fixed to 0 in the fit 
because the RD experiments are insensitive to the chemical shift of the tightly adsorbed state 
(which is in slow exchange with the weakly adsorbed state), and the DEST is a low-resolution 
experiment that does not provide chemical shift information [7]. 
 0 mM phosphate 0 mM phosphate 20 mM phosphate 
Global Parameters (3-site connected) (3-site linear) (3-site linear) pD	(%)	 97.7 ± 0.2 97.6 ± 0.2 98.3 ± 0.1 pW	(%)	 2.2 ± 0.2 2.3 ± 0.2 1.6 ± 0.1 pT	(%)	 0.08 ± 0.01a 0.09 ± 0.01a 0.10 ± 0.01a 𝜏p{, (ps)	 < 100 < 100 < 100 𝜏p{,t	(ps)	 < 100 < 100 < 100 𝑆,O 		 < 0.01 < 0.01 < 0.01 𝑆tO		 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 𝑘,r	(s-1)	 2,768 ± 210 2,878 ± 235 1,364 ± 54 𝑘r,	(s-1)	 63 ± 10 62 ± 12 22 ± 1 𝑘t,	(s-1)	 271 ± 21 273 ± 23 290 ± 24 𝑘,t	(s-1)	 9 ± 2 11 ± 5 15 ± 5 𝑘rt	(s-1)	 0 ± 1 - - 𝑘tr	(s-1)	 0 ± 1 - - 
Peak-specific parameter   
13C 𝛥𝜔r,	(ppm) o/m/pb	 0.19 / 0.13 / 0.17 0.19 / 0.13 / 0.17 0.15 / 0.11 / 0.10 
1H 𝛥𝜔r,	(ppm) o/m/pb	 0.09 / 0.09 / 0.09 0.09 / 0.09 / 0.09 0.11 / 0.11 / 0.11 
a note that pT = 0.10 % corresponds to 10 µM PhOH 
b Chemical shift parameters are set to the values reported in Supporting Table S1 – see 
Supporting Figures S7 and S9 
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